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SUMMARY 


The  interaction  of  electromagnetic  fields  with  biological  tissues  is  of  increasing 
importance  from  the  standpoint  of  potential  health  hazards  and  of  possible  beneficial 
(e.g.,  diagnostic  and  therapeutic)  effects.  To  address  these  issues,  the  research  accom¬ 
plished  during  this  period  focused  on  the  biosynthesis  of  highly  specialized  protein 
and  polysaccharide  molecules  by  mammalian  connective  tissue  cells.  Since  the  syn¬ 
thesis  and  processing  of  these  macromolecules  is  one  of  the  most  important  biological 
functions  of  cartilage  cells,  altered  matrix  metabolism  is  known  to  be  a  very  sensitive 
indicator  of  the  effectiveness  of  an  environmental  stimulus,  and  of  the  pathway  by 
which  the  stimulus  evokes  a  response. 

The  long-term  goal  is  to  study  long-term  (chronic)  and  short-term  (acute)  ef¬ 
fects  of  electromagnetic  field  exposure  on  the  sjmthesis  and  turnover  of  highly  charged 
proteoglycan  (PG)  molecules  and  their  glycosaminoglycan  (GAG)  constituents,  col¬ 
lagens,  and  other  non-collagenous  proteins  by  normal  cartilage  cells  (chondrocytes) 
extracted  from  articular  cartilage,  and  in  rat  chondrosarcoma  cells  (a  continuous  cell 
line). 

To  address  these  goals,  the  specific  objectives  of  this  research  period  were: 
(1)  to  quantify  the  effect  of  applied  electric  fields  on  chondrocjrte  metabolism,  using 
a  range  of  stimulation  frequencies  and  amplitudes;  (2)  to  compare  the  chondrocyte 
biosynthetic  response  to  applied  fields  at  early  times  in  agarose  gel  culture  before  an 
extracellular  matrix  has  accumulated  and  at  later  times  after  significant  deposition 
of  matrix  around  and  between  the  cells;  and  (3)  to  begin  to  interpret  the  biosynthetic 
response  to  applied  fields  in  terms  of  models  of  physical  mechanisms. 

The  results  of  these  studies  suggest  that:  (1)  both  normal  chondrocytes  and 
Swarm  rat  chondrosarcoma  cells  in  agarose  culture  can,  under  proper  culture  condi¬ 
tions,  continue  to  synthesize  matrix  macromolecules  at  a  rate  similar  to  that  in  native 
cartilage,  and  (2)  electric  fields  applied  to  chondrocytes  in  agarose  can  modulate  the 
synthesis  of  proteoglycans  and  protein  constituents.  Biosynthesis  may  be  inhibited  or 
stimulated  depending  on  the  amplitude  of  the  applied  current  density.  In  addition, 
the  presence  of  extracellular  matrix  may  enhance  the  ability  of  normal  chondrocytes 
and  cells  in  intact  cartilage  to  respond  to  dectric  fields,  although  the  presence  of 
matrix  was  not  required  for  the  stimulatory  response  to  be  observed  with  Swarm  rat 
chondrosarcoma  cells. 
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INTERACTION  OF  ELECTROMAGNETIC  FIELDS  WITH 
CHONDROCYTES  IN  GEL  CULTURE 

INTRODUCTION 

The  interaction  of  electromagnetic  fields  with  biological  tissues  is  of  increasing 
importance  from  the  standpoint  of  potential  health  hazards  and  of  possible  benefi¬ 
cial  (e.g.,  diagnostic  and  therapeutic)  effects.  While  much  of  the  literature  to  date 
has  focused  on  experimental  observation  and  verification  of  putative  field  effects,  in¬ 
creasing  attention  is  now  being  paid  to  the  physical  mechanisms  that  may  underlie 
such  electromagnetic  interactions.  There  is  still  little  understanding  of  basic  phys¬ 
ical  mechanisms  or  of  the  biochemical  pathways  whose  disturbance  is  essential  for 
interaction  to  occur. 

Electromagnetic  interactions  with  biological  tissues  may  involve  several  differ¬ 
ent  physical  and  biochemical  processes.  Sufficiently  intense  radiation  can  result  in 
significant  damage  to  cells  by  thermal  processes  alone  [1].  The  effects  of  sub  thermal 
processes  have  been  harder  to  quantify.  A  recent  theoretical  model  [2]  suggests  that 
weak  electric  fields  as  small  in  amplitude  as  that  associated  with  thermal  noise  may 
still  be  detected  by  cells.  The  long-term  goal  of  our  research  is  aimed  at  identifying 
the  mechanisms  of  normal  cell  functioning  that  ate  altered  by  electromagnetic  fields. 

To  address  these  issues,  we  have  focused  on  the  biosynthesis  of  highly  special¬ 
ized  protein  and  polysaccharide  molecules  by  cartilage,  with  and  without  exposure 
to  the  combined  effects  of  electrical  and  chemical  perturbations.  Since  the  synthesis 
and  processing  of  these  matrix  macromolecules  is  one  of  the  most  important  biolog¬ 
ical  functions  of  connective  tissue  cells,  altered  matrix  metabolism  is  known  to  be  a 
most  sensitive  indicator  of  the  effectiveness  of  an  environmental  stimulus,  and  of  the 
pathway  by  which  the  stimulus  evokes  a  response. 

In  particular,  we  have  studied  the  effect  of  electromagnetic  fields  on  the  syn¬ 
thesis  and  turnover  of  highly  charged  proteoglycan  (PG)  molecules  and  their  gly- 
cosaminoglycan  (GAG)  constituents,  collagens,  and  other  non-coUagenous  proteins 
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by  normal  cartilage  cells  (chondrocytes)  extracted  from  articular  cartilage,  and  in  rat 
chondrosarcoma  cells  (a  continuous  cell  line).  The  overt  gene  expression  of  chondro¬ 
cytes  results  in  the  synthesis  and  deposition  of  a  structurally  integrated  extracellular 
matrix  composed  of  these  macromolecules  [3].  The  use  of  cartilage  cells  is  motivated, 
in  part,  by  the  fact  that  these  cells  are  naturally  subjected  to  endogenous  electric 
fields  over  a  5-6  decade  frequency  range  at  current  densities  as  high  as  1  mA/cm^, 
produced  by  in  vivo  mechanical  loading  [4,5]. 

To  examine  these  biosynthetic  responses,  it  is  essential  to  use  cell  populations 
that  are  as  homogeneous  as  possible.  Because  cartilage  cells  vary  with  depth  in  the 
tissue  and  along  a  joint  surface,  it  is  advantageous  to  either  extract  homogeneous 
subpopulations  or  to  uniformly  mir  all  extracted  cells  from  the  tissue,  and  culture 
them  in  a  medium  in  which  applied  field  parameters  can  be  precisely  controlled.  For 
this  and  other  important  reasons,  we  chose  to  culture  and  test  the  cells  in  agarose  gel 
discs.  Such  culture  techniques  have  been  well-established  for  normal  chondrocytes 
and  chondrosarcoma  cells.  In  addition,  the  chondrocyte-containing  agarose  gels  are 
transparent.  Therefore,  an  array  of  assays  can  eventually  enable  additional  charac¬ 
terization  of  single  cell  responses,  including  staining  and  cytofluorescence  techniques 
that  have  already  been  developed  elsewhere.  In  addition,  the  agarose/cell  system 
enables  us  to  couple  our  experimental  methods  and  results  to  the  theoretical  models 
of  interaction  mechanisms  recently  developed  in  our  laboratory  [6-11]  and  by  other 
investigators  [12]. 

The  specific  objectives  for  the  funded  6- month  study  were,  therefore,  (1)  to 
quantify  the  effect  of  applied  electric  fields  on  chondrocyte  metabolism,  using  a  range 
of  stimulation  frequencies  and  amplitudes;  (2)  to  compare  the  chondrocyte  biosyn¬ 
thetic  response  to  electric  fidds  at  early  times  in  agarose  culture  before  accumulation 
of  an  extracellular  matrix  and  at  later  times  after  significant  deposition  of  matrix 
around  and  between  cdls;  and  (3)  to  b^in  to  interpret  the  biosynthetic  response  to 
applied  fidds  in  terms  of  modds  of  physical  mechanisms. 
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BACKGROUND 


Cartilage  Structure  and  Composition 

Artictdar  cartilage  is  the  dense,  skeletal  connective  tissue  that  functions  as  a 
bearing  material  in  synovial  joints.  Cartilage  from  adult  animals  and  humans  is  avas¬ 
cular,  aneural,  and  alymphatic.  The  tissue’s  sparse  population  of  cells  (chondrocytes) 
derives  its  nutrition  primarily  from  the  synovial  fluid  in  the  joint  cavity  [13].  The 
chondroc]rtes  are  responsible  for  the  synthesis,  maintenance,  and  gradual  turnover  of 
an  extracellular  matrix  composed  primarily  of  hydrated  type  II  collagen  fibrils  and 
highly  charged  proteoglycan  molecules  [14]  which  together  account  for  20-30%  of  tis¬ 
sue  wet  weight.  These  matrix  macromolecules  are  shown  schematically  in  Fig.  1.  The 
proteoglycan  constituents  contain  a  high  net  charge  at  physiological  pH  and  thereby 
exert  significant  electrostatic  swelling  forces  that  help  to  maintain  tissue  hydration 
and  help  to  resist  mechanical  compression. 

Effects  of  Physical  Forces  on  Cartilage  Matrix  Metabolism 

Physiologic  mechanical  compression  can  induce  a  variety  of  electrical,  mechan¬ 
ical  and  chemical  stimuli  capable  of  affecting  chondrocyte  metabolism.  Investigators 
from  several  laboratories  have  consistently  foimd  that  static  compression  of  cartilage 
explants  decreases  the  rate  of  synthesis  of  proteoglycans  and  proteins  [15,16].  The 
mechanism  for  this  inhibition  appears  to  be  associated  with  the  decrease  in  tissue  wa¬ 
ter  content  and  the  concomitant  decrease  in  intratissue  (extracellular)  pH  produced 
by  static  compression  [17]. 

Recent  studies  [16]  have  also  shown  that  dynamic  compression  of  cartilage 
above  a  threshold  loading  frequency  under  physiological  conditions  can  stimulate  ma¬ 
trix  biosynthesis.  Dynamic  compression  is  also  known  to  produce  pressure  gradients 
and  fluid  flow  within  the  extracellular  matrix.  This  fluid  flow  generates  electrical 
potentials  and  currenis  known  as  streaming  potentials  and  currents.  (Fig.  1 )  The 
past  few  years  has  seen  significant  progress  in:  (1)  the  experimental  verification  that 
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an  dectrokinetic  mechanism  is  responsible  for  these  endogenous  electrical  signals  in 
cartilage  [4,5];  (2)  the  demonstration  that  fluid  convection  of  ions  past  the  carboxyl 
and  sulfate  fixed  charge  groups  of  the  proteoglycans  are  responsible  for  streaming 
potentials  [18];  and  (3)  the  quantification  of  the  amplitude  and  frequency  response  of 
streaming  potentials  and  streaming  currents  produced  in  living  cartilage  organ  cul¬ 
ture  explants  by  physiological  levels  of  oscillatory  mechanical  compression  [6],  and  the 
verification  of  theoretical  models  for  electrokinetic  transduction  in  cartilage  matrix 
at  the  macroscopic  [5,19]  and  molecular  [20]  levels. 

Cartilage  is  now  seen  to  be  one  of  the  most  electrically  active  tissues  that  does 
not  contain  excitable  cells.  The  possibility  that  endogenous  electrical  currents  gener¬ 
ated  by  mechanical  loads  may  play  a  role  in  cellular  response  has  been  hypothesized 
in  soft  and  hard  connective  tissues  [21].  In  order  to  study  this  important  possibility 
in  cartilage,  investigators  have  stressed  the  importance  of  quantifying  the  effects  of 
applied  fields  on  the  sjmthesis  and  turnover  of  proteoglycans  and  collagen.  Thus, 
it  is  well  accepted  that  the  quantity  and  quality  of  the  proteoglycans  and  proteins 
synthesized  by  chondroc3rte8  are  crudal  and  sensitive  markers  of  the  ability  of  an 
environmental  stimulus  to  affect  chondrocyte  behavior. 

Our  previous  experimental  work  on  the  response  of  mammalian  cells  to  elec¬ 
tromagnetic  fields  focused  on  the  effect  of  applied  electric  currents  on  the  synthesis  of 
stress  response  and  other  proteins  in  intact  organ  culture  explants  of  cartilage.  The 
results  of  those  studies  showed  that  current  densities  below  30  mA/cm^  at  frequen¬ 
cies  less  than  1  kHz  did  not  appear  to  stimulate  synthesis  of  stress  proteins  [22,23]. 
However,  total  protein  synthesis  appeared  to  increase  with  increasing  applied  current 
density. 

Need  for  Homogeneous  Cell  Populations 

The  fact  that  the  total  protein  synthesis  only  appeared  to  increase  with  rel¬ 
atively  high  current  densities  may  be  due  to  the  heterogeneity  of  the  cell  popula¬ 
tion  within  the  cartilage  explant.  It  is  known  that  cell  morphology  and  biosynthetic 
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tesponse  vary  with  position  in  the  tissue.  Therefore,  isolation  and  mixing  of  the 
chondrocytes  into  agarose  disks  would  minimize  disk-to-disk  variations.  In  addi¬ 
tion,  several  groups  have  used  a  continuous  cell  line  (Swarm  rat  chondrosarcoma) 
for  biosynthesis  studies,  because  of  the  demonstrated  homogenmty  of  the  response. 
Kimura  et  al.  [24]  have  found  that  the  proteoglycans  and  collagens  synthesized  by 
these  chondrosarcoma  cells  are  strikingly  similar  to  those  of  native  cartilage. 

Chondrocytes  Cultured  in  Agarose  Gel 

Previous  studies  have  shown  that  chondrocytes  cultured  in  agarose  gel  preserve 
their  phenotypic  expression  as  evidenced  by  the  synthesis  of  cartilage-spedfic  type- 
II  collagen  and  proteoglycans  [3].  Sun  et  al  studied  the  proliferation  and  size  of 
Swarm  rat  chondrosarcoma  cells  in  agarose  culture  [24].  Aydelotte  et  al.  [25]  found 
that  the  agarose  system  was  an  ideal  tool  for  quantifying  proteoglycan  synthesis 
and  catabolism  by  means  of  sulfate  radiolabel  incorporation  and  chromatographic 
analyses  of  molecules  remmning  within  and  lost  from  the  gels.  Benya  et  al.  used 
agarose  culture  to  measure  the  effect  of  cytoskdetal  modifications  on  reexpression  of 
chondrocyte  phenotype  after  treatment  with  retinoic  add  [26]. 

In  our  own  previous  research  that  led  to  the  present  study,  we  that  chon¬ 
drocytes  extracted  from  native  cartilage  could  synthesize  and  acciunulate  a  normal, 
cartilage-like  extracellular  matrix  in  agarose  gel  cultiue.  We  characterized  the  extent 
and  the  time  evolution  of  chondrocyte  proHferation,  synthesis  of  GAG  and  proteins, 
loss  of  GAG,  and  total  deposition  of  GAG-containing  matrix  within  agarose  gels  dur¬ 
ing  long  term  culture.  To  assess  whether  the  matrix  deposited  within  the  agarose 
gel  was  mechanically  functional,  we  measured  several  important  mechanical  and  elec¬ 
tromechanical  properties  of  the  agarose/ chondrocyte  disks  at  selected  times  during 
long-term  culture:  equilibrium  elastic  modulus,  dynamic  stiffness,  and  streaming  po¬ 
tential  induced  by  oscillatory  mechanical  compression.  The  results  of  these  studies 
suggested  that  (1)  both  normal  chondrocytes  and  Swarm  rat  chondrosarcoma  cells  in 
agarose  culture  could,  under  proper  culture  conditions,  continue  to  synthesize  matrix 
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maciomolecules  at  a  rate  similar  to  that  in  native  cartilage,  and  (2)  chondrocytes 
in  agarose  could  successfully  mediate  the  assembly  and  accumulation  of  a  normal, 
mechanically  functional  extracellular  matrix. 

METHODS:  ELECTRICAL  STIMULATION  OF 
CHONDROCYTE/ AGAROSE  DISKS 

Articular  cartilage  from  the  femoropatellar  groove  &om  1  to  2- week-old  calves 
was  harvested  as  previously  described  [16]  and  incubated  in  DMEM  supplemented 
with  12.5  mM  Hepes,  0.1  mM  nonessential  amino  adds,  0.4  mM  L-proline,  10% 
FBS,  50  n%lvc^  ascorbate,  and  0.1%  penicillin/ streptomycin  changed  daily  at  5% 
CO3,  37°C.  One  week  later  cells  were  extracted  by  sequential  pronase  and  coUagenase 
digestion  [27].  In  addition.  Swarm  rat  chondrocytes  were  prepared  for  incorporation 
into  agarose  gels  as  previously  described  [24]. 

Chondrocytes  were  mixed  into  media  containing  2%  (w:v)  low  melting  temper¬ 
ature  (FMC)  SeaPlaque  agarose  [24]  at  2  x  lO^cells/ml  and  cast  at  37*'C  between 
slab  gel  electrophoresis  plates  separated  by  1-mm-thick  Teflon  spacers.  After  gelling  at 
4*’C  for  2  h,  16-mm-diameter  by  1-mm-thick  disks  were  cored  from  the  gel.  The  chon¬ 
drocyte/agarose  disks  were  subsequently  cultured  on  top  of  nylon  mesh  (to  promote 
nutrient  diffusion  &om  below).  Media  (as  above)  was  changed  daily  and  analyzed 
for  GAG  content  by  dimethylmethylene  blue  (DMB)  dye  binding  [28].  Control  disks 
without  chondrocytes  were  prepared  and  maintained  in  the  same  manner. 

Electrical  stimulation  experiments  were  performed  using  disks  from  day  32  of 
a  70-day  culture,  and  from  day  6  and  day  45  of  a  separate  47-day  culture.  Thus, 
one  of  the  objectives  was  to  test  the  effect  of  applied  electric  fields  on  chondrocyte 
biosynthesis  at  early  times  in  culture  (e.g.,  day  6)  before  a  significant  amount  of  ex¬ 
tracellular  matrix  had  accumulated,  versus  cells  at  later  times  (e.g.,  day  45)  when  a 
dense  pericellular  and  interterritorial  matrix  had  already  developed.  This  compari¬ 
son  wotdd  enable  us  to  explore  the  possibility  that  cell-matrix  interactions  could  be 
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signiiic&nt  in  tegnlating  the  effects  of  applied  fields. 

In  each  experiment,  48  3- mm  diameter  disks  were  cored  from  4  larger  16-mm 
diameter  disks  and  placed  in  cylindrically  confining  teflon  holders  in  feed  media  20 
hours  prior  to  stimulation.  4  groups  of  12  disks  each  were  then  placed  in  electrical 
stimulation  chambers  in  feed  media  containing  10  /iCi/ml  p^S]sulfate  and  20  fiCi/ml 
[5-^H]proline  to  assess  proteoglycan  and  protein  synthesis,  respectively.  Current  den¬ 
sity  amplitudes  of  0,  1,  10  and  30  mA/cm^  at  a  frequency  of  100  Hz  were  applied 
for  24  hours  (12  disks  at  each  current  density).  Disks  were  then  removed  from  the 
chambers  and  washed  6  times  over  a  l-hr  period  to  remove  free  label.  The  s^  edmens 
were  then  digested  with  papain;  aliquots  of  the  digest  were  analyzed  for  DNA  as  a 
measure  of  cell  number  (by  Hoechst  33258  [29]),  glycosaminoglycan  content  [28]  as 
a  measure  of  total  proteoglycan  content,  and  sulfate  and  proline  incorporation  via 
liquid  sdntillation  counting. 

The  teflon  exposure  chambers  are  shown  schematically  in  Fig.  2,  and  have 
been  described  in  detail  previously  [30,31].  Each  chamber  contains  two  independent 
lanes  capable  of  holding  16  cylindrical  agarose/ chondrocyte  disks.  Gel  disks  were 
placed  into  teflon  disk  holders  which,  in  turn,  were  inserted  into  the  lanes.  The  disk 
holders  accept  3mm  diameter  by  1mm  thick  disks.  The  lanes  in  the  chambers  were 
connected  to  platinum  electrodes  by  means  of  “salt  bridges”  comprised  of  autodavible 
plastic  tubing  filled  with  5%  w/v  agarose.  The  electrode  baths  were  filled  with  saline. 
This  external  electrode  arrangement  isolated  the  agarose/ chondrocyte  disks  from  and 
electrode  reaction  products.  (Our  previous  experiments  using  cartilage  organ  culture 
explants  showed  that  such  electrode  reaction  products  could  themselves  stimulate 
a  stress  response  in  the  cartilage,  as  manifested  by  the  synthesis  of  stress  response 
proteins  [23]).  Previous  tests  of  this  system  showed  that  negligible  ohmic  heating 
occured  for  current  densities  of  interest. 
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RESULTS  and  DISCUSSION 


Normal  Bovine  Chondrocytes 

Figures  3-5  show  the  effect  of  applied  electric  fields  on  the  biosynthetic  response 
of  primary  cells  (normal  chondrocytes  freshly  extracted  from  cartilage  tissue).  Fig. 

3  shows  radiolabel  incorporation  for  a  group  of  disks  at  day  32  of  culture,  and  Fig. 

4  at  day  45  of  a  separate  culture.  Fig.  5  shows  radiolabel  incorporation  for  disks 
taken  at  day  6  from  the  same  culture  as  that  of  Fig.  4.  Both  proline  and  sulfate 
incorporation  tended  to  decrease  with  increasing  current  densities  up  to  10  mA/cva?  at 
both  early  and  late  times  in  culture,  suggesting  a  decrease  in  proteoglycan  and  general 
protein  synthesis.  At  higher  current  densities  (Fig.  3  and  4),  radiolabel  incorporation 
appeared  to  be  stimulated  above  that  of  control  at  late  times  in  culture,  after  the 
development  of  a  substantial  extracellular  matrix.  This  stimulatory  response  was 
absent  in  disks  taken  at  6  days,  before  the  accumulation  of  matrix;  here,  application 
of  30  mA/cm^  inhibited  biosynthesis,  as  did  1  and  10  mA/cm’. 

This  later  result  can  also  be  compared  to  our  previous  experiments  using  disks 
of  intact  calf  femoropatellar  groove  cartilage  [22,23].  In  those  tests,  protein  synthesis 
was  increased  by  current  densities  as  high  as  30  mA/cm^.  The  intact  tissue  contains 
a  very  dense  matrix  with  a  proteoglycan  content  approximately  3-4  times  higher  than 
that  of  the  late-time  cultures  of  Fig.  3  and  4.  While  more  tests  are  needed  to  confirm 
this  hypothesis,  it  appears  possible  that  the  presence  of  extracellular  matrix  facilitates 
the  stimulatory  biosynthetic  response  of  chondrocytes  to  sinusoidal  fields. 

Swarm  Rat  Chondrosarcoma  Cells 

The  above  experiments  using  intact  cartilage  explants  or  agarose/ chondrocyte 
disks  prepared  from  the  same  calf  cartilage  (e.g..  Figs  3-5)  involve  somewhat  inhomo¬ 
geneous  cell  populations.  The  agarose  disks  are  made  from  a  well  mixed  population 
and,  therefore,  are  much  less  subject  to  disk-to-disk  variations,  compared  to  the  tissue 
disks.  Nevertheless,  there  may  be  subpopulations  within  each  agarose  disks  that  are 
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Cuirant  rnA/cm^ 


Figure  3  Groups  of  IZ  3mm  chondrocyte/agarose  disks  were  subjected  to  current 
densities  at  lOOHt  in  the  presence  of  radiolabeled  sulfate  and  proline  precursors.  2% 
agarose  disks  containing  chondrocytes  were  taken  on  day  32  of  the  70  day  culture 
described  in  Chapter  II  and  the  currents  were  applied  for  24  hours.  All  the  bars  at 
non*zero  current  densities  are  significantly  different  from  the  control  group  with  no 
applied  current,  p  <  0.05  using  the  two-tailed  t-test. 
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Figtue  A  Gtonpi  of  12  Sinxn  chondrocyte/ aguose  disks  were  subjected  to  current 
densities  at'lOOHs'in  the  presence  of  rndioUbeled  sulfate  and  proUne  precursors. 
1/2%  agarose  disks  containing  chondrocytes  were  taken  on  day  45  of  the  47  day 
culture  described  in  Chapter  IV  and  the  currents  were  applied  for  24  hours.  Only  the 
bar  at  ImA/cm^  for  sulfate  is  significantly  different  from  the  control  group  with  no 
applied  current,  p  <  0.05  using  the  two-tailed  t-test. 
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Figure  5  Groups  of  12  3mm  choudrocTte/agarose  disks  were  subjected  to  current 
densities  at  lOOHs  in  the  presence  of  radiolabeled  sulfate  and  proline  precursors.  2% 
agarose  disks  containing  chondrocjtes  were  taken  on  day  6  of  the  47  day  culture 
described  in  Chapter  IV  and  the  currents  were  applied  for  24  hours.  All  the  bars  at 
non-sero  current  densities  are  significantly  dififerent  from  the  control  group  with  no 
applied  current,  p  <  0.05  using  the  two-tailed  t-test. 
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more  or  less  sensitive  to  applied  electric  fields. 

Therefore,  another  set  of  experiments  nsing  Swarm  rat  chondrosarcoma  cells 
were  performed  in  collaboration  with  Dr.  R.  Schneiderman  and  Prof.  J.  H.  Kimura 
at  Rush-Presbyterian  St.  Luke’s  Medical  Center,  Chicago.  (Prof.  Kimura  is  one 
of  the  pioneers  in  the  use  of  this  continuous  cell  line  for  the  study  of  proteoglycan 
biosynthesis  by  chondrocytes.)  Swarm  rat  chondrosarcoma  cells  from  continuous 
monolayer  were  harvested  and  incorporated  into  2%  agarose  in  the  electrical  exposure 
chamber  shown  schematically  in  Fig.  6.  The  cells  were  incubated  for  24  hours  in 
the  chamber  and  then  subjected  to  graded  levels  of  sinusoidal  current  densities  at  a 
frequency  of  1  Hz.  Proteoglycans  were  subsequently  extracted  from  the  gels  using 
4M  GuHCl,  and  the  macromolecular  radioactivity  was  separated  from  unincorporated 
isotope  via  Sephadex  G-25  chromatography. 

Fig.  7  shows  the  radioactivity  in  the  test  gels  normalized  to  that  in  the  un¬ 
stimulated  controls.  There  was  no  significant  difference  between  test  and  control 
specimens  for  current  densities  less  than  0.3  mA/cm’.  However,  for  currents  be¬ 
tween  0.3  and  2.0  mA/cm^,  a  10-25%  increase  in  proteoglycan  s]mthesis  was  observed. 
2.0  mA/cm^  current  densities  at  frequencies  of  0.1,  10,  100,  and  10*  also  appeared 
to  stimulate  synthesis.  These  results  suggested  that  a  a  stimulation  of  proteoglycan 
biosynthesis  could  be  observed  in  this  homogeneous  cell  population  at  lower  current 
densities  than  that  seen  in  fresh  bovine  cells  (Figures  3  and  4).  Furthermore,  these 
chondrosarcoma  cells  appeared  to  her  capable  of  modulating  their  biosynthetic  pat¬ 
tern  at  such  lower  current  densities  even  in  the  absence  of  an  appreciable  extracellular 
matrix. 


CONCLUSIONS 

The  results  of  these  studies  suggest  that:  (1)  both  normal  chondrocytes  and 
Swarm  rat  chondrosarcoma  cells  in  agarose  culture  can,  under  proper  culture  condi¬ 
tions,  continue  to  synthesize  matrix  macromolecides  at  a  rate  similar  to  that  in  native 
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cartilage,  and  (2)  electric  fields  applied  to  chondrocytes  in  agarose  can  modulate  the 
synthesis  of  proteoglycans  and  protein  constituents.  Biosynthesis  may  be  inhibited  or 
stimulated  depending  on  the  amplitude  of  the  applied  current  density.  In  addition, 
the  presence  of  extracellular  matrix  may  enhance  the  ability  of  normal  chondrocytes 
and  cells  in  intact  cartilage  to  respond  to  electric  fields,  although  the  presence  of 
matrix  was  not  required  for  the  stimulatory  response  to  be  observed  with  Swarm  rat 
chondrosarcoma  cells. 

These  results  also  provide  support  for  the  long-term  objectives  of  this  research 
in  that  the  chondrocyte/agarose  system  appears  to  be  an  appropriate  model  with 
which  to  study  the  mechanisms  by  which  physical  forces  (e.g.,  electrical  and  mechan¬ 
ical)  may  interact  with  mammalian  cells.  The  chondrocytes  can  be  maintained  in 
a  natural  environment  which,  in  certain  ways,  is  more  amenable  than  that  of  intact 
cartilage  to  the  study  of  mechanism  at  the  single  cell  level. 
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